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ABSTRACT

A desciiption is given of the apparatus and method used in the

measurement of cross sections for the ionization of atoms and molecules

by electron impact. A cross-beam technique is employed, using a beam

of fast atoms of 2 to 3 key kinetic energy as a target. Product ions

are analyzed according to their charge/momentum. Sources of spurious

ion currents and other interference are discussed. Absolute cross

sections were measured for incident electron energies ranging from

below threshold Lo 500 ev; results are presented and discussed for

the ionization of nitrogen and argon atoms, and for nitrogen molecules.

The cross sectinn for e + N - N* + 2e has an energy dependence rather

similar to the theory of Seaton, but is about 20% smaller. The dis-
sociative ionization cross section for 'N2 does not appear to be a direct

process (i.e., Occurring in less than 10-7 sec) for electron impact

energies below 50 ev.
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I INTRODUCTION

This report summarizes the research carried out under Office of
Naval Research Contract Nonr-2588(00),o with special emphasis on the

work during the period 1 October, 1960 to 31 January. 1962. This ex-
perimental research program has been directed toward measuring the

interaction cross sections for the ionization of nitrogen and oxygen

atoms by electron impact.
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I
I

I

ieadtd by iko Adveaced Research Projocts Aloacy. ARPA Order 5-5S Teak •orde 2.

1



11 RESUME OF TIlE PROGRAM

An experimental investigation of electron-atom interactions, such

as e # N - N* + 2 e, is inherently difficult because of the problem of
obtaining free atoms, which exist stably only in the molecular state.
Consequently. a volume containing free atoms generally will be centami-

nated by a far greater density of other molecules. There results not
only the problem of obtaining reactant atoms in sufficient numbers to

measure the reaction products, but also the task of distinguishing be-

tween the desired reactions and the large number of other reactions that
occur in the interaction volume.

Our approach to the problem has been described in the first Annual
Feport! and will be summarized here. The instability of free atoms
limits feasible methods to those involving crossed beams of electrons
and atoms: we have chosen a novel variation of this technique which uIti-
lizes a fast ion beam as a source of the a-om beam. A schematic diagram

of the apparatus is shown in Fig. 1.

A fairly intense beam of atomic and molecular ions is extracted
from an rf ion source 2 at an arbitrary energy in the range 2-S key. The

beam is focused and sent through a wedge-shaped mainetic field which de-
flects the atomic ions through 900 and separates them from the molecular
ions. The emerging atomic ion beam is then refocused and passes- through
a "charge transfer" cell containing a ga:4 at a relatively high pressure,

about 7 x 10'4 torr. About 10% of the ions undergo charge-transfer col-
lisions in traversing this region, and become neutral atoms without ex-

periencing any significant c.angc in momentum. The remaining ions are
then deflected by an electrostatic field and the remaining beam of
neutral atoms enters a magnetic field where it is intersected by an

electron beam. Ions created from the fast beam atoms by electron col-

lisions in this region retain their original momentum and are deflected

by the magnetic field and focused to a collector, while the neutral-beam
atoms pass on through and are stopped by a thin-film thermocouple which
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serves as a Iii'it ri-I beam munijior. Ite neutral br'im is suiffclnt y

energetic that its density may be ascertained from a men rement of the

temperature rise ir. the thin nickei film which stops the beam.

The electron beam is square-wave modulated; the ion current is ampli-

fied by a tuned amplifi,-r and measured by a syni hronous detector. The

kinetic energy of the beam electrons is adjustable so that ion currents

may be measured as a function of electron erergy.

lDuring the course of the program, the .,ppgratus, shown in Fig. 2,

has been built and has undergone m.ny refining modifications. Not too

surprisingly, a rather large number of complex problems were discovered

during the preliminary investigations of the behavior of the apparatus,

and considerable effort was given to understanding and surmounting the

obstacles. In Augiust 1961 the long preliminary work cu'.minated in the

first useful measurements obtained-the cross section for the ionization

of nitrogen atoms. Since thei;, further refinements in both the equipmevt

and the measuring technique have beer made, along with more detailed

studies £f some of the problems.

The initial measurements of atomic nitrogen beams, were followed up

by studies of molecular i,itrogen and argon beams. In the following dis-

cussions we shall refer to the processes and their interaction cross

sections as follows:

BEAM REACTION CROSS SECTION

N e 4 N - N+ + 2e Q(N+)

N2  e + N 2 -N* + 2e Q(N;)

N2  e 4 N2 - N + N+ + 2e Q(N* diss)

N2  e + N2 - N* 4 3e Q(N*+)

Ar e + Ar - At + 2e Q(Ar+)

Ar e + Ar - Ar++ 3e Q(Ar+#)

i
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III DETAILS OF THE METHOD AND DISCUSSION OF THE MFASUREMENTS

A. DIETAIILS OF" TIM METIIOI): ADVANTAGES ANI) PHOII.EMS

There are several important advantages to the method, as well aa

some problems connected with i.. The advantages it has over the con-

ventional, thermal atomic beam method are: (1) Complete selaration of

the target atoms from the parent molecules-effected by the mass analysis

of the ion beam-allows studies to be made on many different atoms and

molecules which would not be, possible with a thermal beam. (2) ithe

target atoms are distingulshed by their unique momentum, which allows

the mass analysis of product ions and eliminates some secondary reactLIons

only those ions having the proper momentum (of the incident neutral beaM)

are focused to the collector, and the large number of ionized ambient gas

molecules formed in the electron beam path are not collected. (3) The

method permits the direct measurement of' absolute cross sections; hence,

measurements need not be made relative to some previously measured

cross section.

The main problems are caused by low signal levels, due to low beam
densities, and by extraneous, interfering reactions, due to background

gas-beam interactions that compete with the one under study. Low beam

densities result from space-charge limitations of the ion beam and also

from difficulties in maintaining the beam detisity over the distances

involved, particularly between the final focusing lens (in front of the

change-transfer cell) and the beam intersection region. The neutral beam

densities are low, but not prohibitively so. Low signal levels are an

inherent characteristic of all crossed-beam measurements; only recently

have detection techniques become sufficiently refined to permit the

crossed-beam method to be successfully employed.3

There are certain types of interference that are peculiar to our
method. The fast beam atoms have sufficient energy to ionize and excite

the ambient gas along the beam path, and to undergo charge-loss collisions.

etc. These reactions can yield a high level of background current at the

ion collector, which raises the noise level in the detector but does not

directly interfere with the modulated signal. However these steady-state

currents, by their interaction with the modulated space charge potential
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of ;he electron leam, can produce spurious signals. ipurious signals

can also arise from interaction of the fast atoms with a modulated com-

ponent of the gas in the interaction region produced by the electron beam.

"Thls.4v dnd otIliev types of interfrrcrnce have been iincussed in the Annuual

and Quarterly lieports issued under the contract, but bircause of their

significant influence on the course of this program, we will review

them below.

There are three variable quantities that enter into tht cross-section

computations, as well as several constant factors. The measired variables

are the electron býeam current, i.e., the current which crosees the inter..

action region; the voltage output, V,, of the neutral beam detector which

determines the atom beam current; and the signal, d, from the phase-

sensitive detector which measures the product ion current delivered to

the collector. The ion beam energy, the geometrical factors, and the

detector sensitivities remain essentially constant from run to run.

The details of the method will be presented in the following order:

we shall describe (1) the apparatus and. instruments used in the measure-

mn.nt of the three variables, and then (2) the behavior of these variables,

especially the observed ion signal, under different tests. We will then

discuss the operating procedures, some of which were rnecessitated by the

results of the tests.

1. MEASUREMENT OF VARIOUS CURRENTS AND PARAMETERS

The system of signal detection and measurement was described in the
Second Annual Report.' A block diagram of the arrangement of components

is given in Fig. 3. The currents of the electron beam, atom beam, and

preduct ions were measured as foilows:

a. ELECTRON BEAM

Currents tu various elements of the electron gun, shown ache-

matically in Fig. 4, are measured by conventional, 100y a full scale,

dc meters with suitable shunts to allow curre.,ts of 10 ma to be measured.

The potentials of the elements are measured with a vacuum tube voltmeter,

which is periodically calibrated against accurately known reference

voltages obtained from a Keit.hley Model 241 Regulated High Voltage supply.
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6. NEUTRAl. HEAM

The neutral be-am detector, shown in Fig. 5, was described and

analyzed in the Second Annual Peport.4 (A report on this detector is

beiig written for publicetinn.) "he beam is stopped by a thin (10-4 cm)

nickel film, to the back side of which is soldered a 10-4 inch-diameter

Nichrome wire to form a thermocouple. The beam dissipates its power in

the nickel film, and the consequent temperature rise leads to a change

in the output voltage of the thermocouple, which is measured by a

Keithley Model 150-A microvoltmeter-ammeter.

The sensitiity of the detector is determined with an ion beam

(no ga, in the charge-tranafer cell), by successive measurements of the

thermocouple output voltage and the total ion current with secondary

electrons suppressed. These checks are made fairly frequently and indi-
vidual measurements seldom vary by more than 5%. Recently, however,

rather severe (-20%) fluctuations were noticed in the detector output

during cross-section measurements, and the ion current signal remained

relatively constant. The effect was th.ought at first to be due to severe

inhomogeneities in the atom beam which could change position on the thin

film with small changes in the beam energy. The thermocouple ultimately

ceased functioning, and when the interaction chamber was opened up, it

was found that the beam had eroded (sputtered) a small /4-inch-diameter

hole out of the film, centered at the thermocouple so that the Nichrome
wire was left dangling in space. The fluctuations in sensitivity

douhtless ly occuTrred when thi s ,0leC was being f rmed. To avoid this

problem in the future, the thin films will be replaced frequently. At

a beam energy of about 2850 ev the present detector yields an output

voltage change of about 0.110 millivolt per microamp of Feam current, or

about 38.5 microvolts per milliwatt.

c. PRODUCT ION CURRENT

The total ion current reaching the collector consists of an

89 cps square-wavr modulated current superimposed on a constant back-
ground current. This background current, caused by electron loss col-

lisions with ambient gas molecules in and near the beam interaction

volume, exceeds the wanted signal by about two orders of magnitude. The

voltage developed by the total current as it flows through a 109 ohm

resistance, appears on the grid of the first tube (located inside the
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vacuum system) of the unit-gain preamplifier, shown in Fig. 6, whose

output impedance is relatively low (106 ohms). The main amplifier

(Fig. 7) boosts the signal to a level which.is easily detected and

measured. In order to avoid saturation by noise, the amplifier is tuned

to amplify only those frequencies lying within a narrow pass band centered

at the modu'ntion frequency. The phase-sensitive detector (Fig. 7) recti-

fies the otitput of the amplifier in phase with a reference signal, and

the resulting dc voltage is plotted by one channel of a two-pen strip-

chart recorder. (The other channel records the output of the neutral

beam monitor.) The effective bandwidth of the system can be reduced

below that of the main amplifier by increasing the time constant at the

output of the detector. Such a reduction of the bandwidth has the effect

of increasing the signal-to-noise ratio. We have placed an B-C net of

variable time constant in the detector output for this purpose.

The electron beam modulator and the phase-sensitive detector

are both controlled by a single oscillator (Fig. 8) through appropriate

phase-shifting networks. The relative phases of the electron beam modu-

lation pulse and the detector referenco signal are observed simultaneously

on a Hewlett-Packard Model 122-A dual channel oscilloscope. The difference

AZP between the phase of the reference signal and the modulation pulse is

recorded and may be chhnged by either phase-shifting network.

The preamplifier circuit is shown in Fig. 6. It consists of

two CK512AX tubes in cascade with another CKS12AX as cathode-follower

output, also providing the 100% negative feedback signal. The open-loop

gain (without feedback) is about 33. The closed-loop gain (with feedback)

was not measured because there is no simple way to introduce a known sig-

nal to the high-impedance grid without destroying the effective feedback.

An analysis of the circuit showed that a net gain of 0.97 results from

an open-loop gain of 33, for a measured input circuit capacitance of

7 x 10-12 farad and a grid-cathode capacitance of 2 x 10-12 farad. The

CKS12AX tubes are not very sturdy; they require frequent checks and

must be replaced frequently to keep the circuit noise level to a minimum.

New tubes are checked for their grid and plate current characteristics

before they are used, and are rejected if found unsatisfactory.

The amplifier, shown schematically in Fig. 7, has been modified

since it was last described in the second Annual Report. 4 The noise level

was reduced and the stability increased, but the bandpass and gain
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characteristics have not been changed significantly. The three filters,

which provide a huaudwidtn of about one cycle per second, are tuned to

the 89 cps signal from the oscillator. Since the phase shift through

the tuned amplifier is highly frequency-dependent, the oscillator must

be exceedingly stable. A change in frequency of 0.1 cps results in a

200 change in the phase shift through the amplifier. Even though the

gain of the amplifier is relatively unchanged during this small shift,
the phase-sensitive detector receives a signal which is 200 from the
correct value, and the output is reduced by 6% (1 - cos 20'). One other

interesting characteristic of the amplifier is that the phase shift pro-
duced is dependent on the magnitude of the signal. This effect is

probably due to a partial saturation of the filter inductances which
have a very high Q for small currents but show saturation effects very

easily. Figure 9 shows a typical relationship between the output signal
d and AcPl00-APd, the difference between the phase shift at full scale

output (100 divisions on the reccrder) and an arbitrary output in signal
level d. During the actual runs, the phase of the reference signal was

set for the optimum value for the observed signal strength according to

this relationship.

The phase-sensitive (synchronous) detector, shown in Fig. 7,
is unchanged from that shown in the second Annual Heport.

The sensitivity of the amplifier and detector is determined by
feeding the known signal from the calibrator (shown in Fig. 7) into the

a Il rz r TLe a p i ir._--.1It ,, ap& er gaU is usually set, so that the over-all senasi-

tivity of the amplifier-detector is such that a recorder reading of 91

divisions is produced by a sinusoidal input signal of 100 microvolts
peak-to-peak. At this sensitivity, the recorder reads full scale (100

divisions) for an ion current of 8.6 x 10-14 amp during the "on" portion

of the modulation period.

The original oscillator produced small frequency drifts with
fluctuations in line voltage, room temperature, drafts of air, etc., and
thus produced changes in the phase shift in the amplifier. Consequently,

this oscillator was replaced by a very stable tuned-fork oscillator, and
the modulator and phase shifting network were added, as shown in Fig. 8.

The basic oscillator is tuned to 712 cps, and this is followed by binary
dividers so that outputs of 712, 356, and 89 cps are provided. The

89 cycle signal is used for the present work, and is so stable that no
phase shift variations are noticeable over time intervals of several days.
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2. CHARACTERISTICS OF THE OBSERVED QUANTITIES AND
DESCRIPTION OF THE INTERFERING PROCESSES

It has been mentioned that interference is observed under a variety

of conditions. In discussing the behavior of the observed signal when

different parameters on the machine are varied, it is possible to indi-

cate many types of interference, and to point out the major sources of

difficulty in the experiment.

a. DEPENDENCE OF OBSERVED SIGNALS ON
ELECTRON GUN CONDITIONS

A signal at the ion detector was observed when only the electron

beam was on and there was no intersecting atom beam. A study was made of

this signal with variations of the magnetic field, electron energy, and

bias voltages placed between grids G2 ' G3 and the collector A of the gun

(see Fig. 4). Usually the phase of the signal was recorded, in addition

4 to its amplitude, in an attempt to gain some insight of the nature of the

source or sources of these extraneous currents. This signal was found to

"deped on the strength of the magnetic field present in the region of the

electron beam and on the direction of the field as well, which is astonishing

since the fields were all too strong to permit any charged particles (at

toe low kinetic energies possible in this case) from traveling directly

from the beam region to the collector. The signal also depended on the

electron beam energy; the graph of signal vs beam energy shows an apparent

threshold at about 20 ev; the curve then rises to a maximum of about 70 ev

and falls off quickly again to about '/7 the peak value at about 120 ev;

then gradually decreases at higher energies. Some structure appears on

the low energy side of the peak, but no detailed studies of this feature

have been made. To increase the complexity, the signals change in magni-

tude when the polarity of the voltage on a secondary particle suppressor

(located in front. on the collector) is changed, as might be expected, but

the polarity of tle signal is unchanged, its phase changes by only 10*,

from a lag of about 85' to one of about 750 when the suppressor voltage

is changed from -45 to +45 v. Thus there are at least two, and probably

more, sources of these anomalous currents. The seriousness of the problem

was essentially eliminated when it was discovered that all of these signals

which are due to the electron beam can be eliminated by placing a small

electric field across the drift space it, the electron gun. As may be seen

in Fig. 10, when a voltage difference V3 - V2 = 2.5 ev is placed between

i 9
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grids G2 and G3 , signals from the gun alone are undetectable. it has

been concluded that. charged particles in the drift space are intimately

connected with the spurious signals, but further explanations are only

speculativc.

The above discussion describes the signals due only to the

electron beam. They are sufficiently strong to mask the ion currents

saught after in the actual exper-iments, but are easily eliminated by a

bias across the drift space. However it was found that even with the

weak electric field present between the drift grids, spurious currents

were observed when the atom beam was p.resent and intersecting the electron

beam under the intended conditions of measurement. The effect of these

currents was to yield a computed ionization cross section at least an

order uf magnitude larger than anticipated, and which did not have a

physically realistic behavior at low electron energies: The apparent

"cross section" for e + N - W + 2e had a maximum at about 100 ev and,

as the electron beam energy was reduced, the cross section decreased to

a minimum at ab- ut 25 ev and then INCREASED at energies below the actual

threshold of 14.5 ev. (This effect was'described in Quarterly Letter

Report No. 71) A study of the behavior of the signal under the variation

of several parameters was made and it was found that the spurious component

could be eliminated by the application of an electric field between the

second drift grid G3 and the collector A. Figure 11 shows the relationship

between the signal and the bias voltage VA - V2, with V3 - V2 = 2.5 ev,

for 70-ev electrons. As V, - V2 was increased from 0 to about 22 v, the

signal decreased monotonically until it reached a plateau of 'Asththe

original value. On this plateau, at VA - V2 > 15 v, the signal was inde-

pendent of V3 - V2 , as well as VA - V2 . The actual cross-section measure-

ments were ma(!e with V3 - V2 - 2.5 v, and VA - V2 = 17.5 v or higher.

Under these conditions the observed signal due to the ionization

of incident btam atoms by electron impact was independent of any gun bias,

and had a realistic dependence on electron energy near the ionization

threshold.

In summary, spurious signals dependent on both the electron and

atom beams are eliminated by a suitable electrostatic field between the

second drift grid and the electron collector. Thus they seem to be re-

lated ultimately to some charged species created at or near the electron
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collector which interacts either primarily or secondarily with the atom

beam. Sinc- no 8igni fIit ia phase lag was os.rvfU., the events i._rain

to these signals are prompt compared to 10-7 sec.

b. DEI'ENOENCE OF THE SIGNAL FHOM CROSSED REAkS

ON THE VALUE OF THE MAGNETIC FIELD

When the onbserved signals (wish the optimum biases on the electron

gun) were plotted against the magnetic field surrounding the gun, the re-

sulting curve was more complicated than expected. In the case of the atoms,

the desired N4 peak occurred at about 3.2 kgauss, but a very strong signal

was also observed at about 1.9 kgauas, and these two peaks were separated

by a region where the signal was negative. An examination of the behavior

of the anomalous 1.9 kgauss signal, which was many times stronger than the

N* signal over all electron energies, led to the conclusion that it was due

in some way to the small ionized component of the incident neutral beam.

These ions are created from beam atoms by electron-loss collisions with

ambient gas molecules in the beam path between the ion deflector plates

and the beam-intersection region. A second set of deflector plates was

installed just a short distanie in front of the magnet to eliminate ions

formed after the beam had passed through the first deflector but before

it entered the second. A marked reduction in the anomalous positive and

negative peaks resulted.

Although only an exceedingly small fraction of the neutral beam

pbrticles become ionized after passing through the first deflectors. the

charged current so developed may be orders of magnitude larger than that

resulting from the electron interactions in the intersection region, which

is smaller than the effective current of the neutral beam by a factor of

at least 107 . These "incident" ions begin their curved paths immediately

as they enter the magnetic field, and will therefore reach the ion col-

lector at considerably lower field strengths than those formed in the

intersection region. They are unmodulated by the electron beam except

possibly by its space charge. The weak electrical fields associated with

the space charge potential will cause a slight alteration of the trajecto-

ries of the incident ions which pass through part of the intersection

region. If the incident ions form a diffuse "beam" which is only partially

collected, as is likely, the action of the space charge fields can cause

either a greater or a smaller ion current to reach the collector: the
number of incident ions reaching the collector can be modulated to cause

either a positive or a negative signal. The second deflector reduced the

IIT
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anomalous peak by an order of magnitude; however, there was still a

residual signal which was probably due to ions formed in the short path

length between the sicond deflector and the gun. It is important to

note that the observed anomalous signal is much smaller then would be

observed if the entire incident ion current developed in I cm of path

length were 100% modulated; therefore, the electron beam need onily cause

a minor modulation of this steady state beam.

We have also observed the dependence of the detected signal on

the magnetic field in the cases of N2 and Ar neutral beams. Each of the

curves had anomalous peaks which were incompatible with the properties of

signals due to the desircd electron-neutral beam interactions: The ratio
d/V, of the signal to the neutral beam detector output depended upon the

neutral beam current (or perhaps on the ambient gas density in the beam
path, which increased with the beam). It also had a ,,onlinear dependence

on the electron beam current. Finally, it depended on the polarity of the

ungrounded side of the second deflector. This deflector was arranged so

that one of the plates was always grounded while the other could be made

either positive or negative. The anomalous signals were much smaller
when the deflector potential was negative than when it was positive.

Figure 12 shows the variation of the signal (normalized to the neutral beam

intensity) with magnetic field, when the deflector voltage was positive,

Several combinations of neutral beam intensities (V) and electron beam

currents (i ) and energies (V.) are represented. At an electron energy

of 100 ev, two real product ion peaks are seen. The 3.2 kft.gaus. peak cor-.

responds to the N; ions and the 1.6 kgauss peak is due to N+ and

(dissociative ionization of N 2 ). The anomalous peak at 2.2 kgauss is

presumably due to "incident" N; ions, it has the same position relative÷2

to the real N; peak as the anomalous incident N÷ peak did to that formed

by product N÷ ions in the atomic case. The peak at 1.1 kgauss is possibly

due to either incident N2 or N (dissociated) ions, although this point

is not clear. This peak was almost. absent when the deflector polarity

was reversed. Note the negative dips adjoining the positive anomalous peaks.

The curve in Fig. 13 represents the normalized signal (d/V 1 )
from an argon beam at 100 ev electron energy, when the second deflector

potential was negative. The A4 and A+* peaks are easily seen, and a small

anomalous peak due to incident A* ions is indicated. The curve actually

goes slightly negative to the right of this peak.
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The actual cross section measurements. were made with a negative

potential on the second deflector.

B. PBEMEASUHEMENT CiECKS AND PHO(EDURES

Each measureivent was preceded by a number of checks made on the
apparatus to make certain that the apparatus was functioning prcperly

and that the many operating parameters were set in accordance with the

conclusions reached from the above mentioned studies of interference.

These procedures may be grouped according to whether they pertained to

the ion accelerator and neutral beam apparatus or to the components of

the interaction chamber and detection apparatus.

1. ION SoURcE AND NEUTRAL IHEAM CHECKS

a. ESTABLISHING THE ION BEM

The gas flow to source, rl power, focusing voltages, and ana-
lyzing magnet current were adjusted to obtain maximum ion beam (ion dL-
flectors off) to the neutral detector ih the interaction chamber. These

* parameters were optimized for maximum beam with minimum current fluctus-

* tions to reduce beam noise. Beam current fluctuations were generally due
to arcing in the beam extraction region of the source. These adjustments

were made with the neutral detector operating as a Faraday cup with

secondary electron suppression, cnd using the Keithley ISAsa a micro-

ammeter.

b. NEUTRAL DETECTOR SENSITIVITY

With the ion beam maximized, a series of runs were made in which
the neutral detectý'r wes used alternately to measure the ion beam current

and then the output of the thermocouple. VV/ o/E , the ratio of the
thermocouple output to the beam current, divided by the beam energy, was
used as the neutral detector sensitivity in the cross-section calculations.

The measured sensitivity was usually about 39 microvolts per milliwatt,

or 3.9 x 10-2 v/w.

C. ESTABLISHING THE NFUTRAL ATOl BEAM

After calibrating the neutral detector with the ion beam maxi-

mized at t,e detector, the ion deflectors were turned on, the neutral
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detector wpe set to measure the thermocouple output, and gas was adm~itted

to the chargt-transfer cell. The flow was set to yield a neutral beam

optimized against the rising gas pressure in. the interaction chamber.

The'se pressures ranged from about I x 10"' to 3 x l0- torr. Minor

changes in the voltages on the ion beam focusing lens, ahead of the

charge-transfer cell, were sometimes made at this point in order to

maximize the neutral beam.

2. EQUIPMENT CHECKS PERTAINING TO THE INTERACTION CHAMBER

a. CHECKS MADE ON THE ELECTRON GUN

These consisted only of properly setting the various voltages

on the drift grids and collector to eliminate the background signals.

6. CALIBRATIUN OF THE AMPLIFIER AND DETECTOR

After the installation of the tuned fork oscillator, the

stability of the signal was such that the amplifier tuning required

checking only every few days. defore each run, however, the reference

signal was checked for proper amplitude, and the phase shift through the

amplifier and the amplifier gain was measured for a known input signal.

If any deviations from the normal values were found, proper adjustments

were made. The operation of the preamplifier was checked by placing a

calibrating signal on the guard electrode (electron suppressor) located
in front of the inn c. llector. T*L - ---- ,-Ce L.. . ,a eectrde

and the collector (about 8 x 10-12 farad) was used to carry the signal

to the preamp. This is the only method of checking the preamp when the

system is under vacuum, since the first stage of the circuit is located

inside the vacuum chamber and direct coupling cannot be achieved. The

detector output for a given input was compared with similar measurements

taken when the open-loop gain of the preamplifier could be checked directly.

C. OPTIMIZING THE INTERACTION CHAMBER MAGNET CURRENT
AND THE PHASE OF THE DETECTOR

These parameters were finally adjusted from their predetermined

approximate values by maximizing a signal which was known to correspond

to a relatively large cross section and which was free from interference.

The optimum phase angle was very reproducible from day to day, taking into

account the variation with signal level shown in Fig. 9. The magnet

setting was also constant for a given ion beam energy.

14



C. CALCULATION OF THE CROSS SECTIONS

Consider an atom beam of uniform-volume density p. stoma/Cm3 con-

fined to a rectangular crosa-sectional area of lateral dimension S cm

and height B cm, which is intersected perpendicularly, as shown ache-

matically in Fig. 14, by an electron beam of uniform current density j

amp/cm2 , dimension L cm in the direction of the atom beam, and height

H cm. The volume in which the two beams interact is ISH cml. If the

cross section for interaction ix Q cm2 per atom, the number of ions pro-

duced per second, dN*/dt, can be expressed as

dN p pajSLHQ

Sdt e

where e * absolute value of the electron charge (coulomb). If each

ionized atom carries a charge q, and all of these ions are collected,

the resulting current is

q (I)p.ijSLHQ amp

and the cross section is given by

e i+ a

q p.J :SHL

Experimentally, we do not measure p., j., and 1 directly but determine

them from the neutral detector output voltage V,. the average electron

gun current t./2, and the deflection d of the recorder at the output of

the ion current detector.

We obtain j. by measuring the total electron current i. flowing to

the second drift grid G5 and the collector A (thus the current which

ciosses the drift space). The cross-sectional dimensions of the electron

beam are assumed to be L x 11, those of the aperture in the control grid

G , which is the smallest aperture in the electron beam path. Thus, we

have an (average) current density

,
* =LII (2)



Sinze we measure the electron current on a dc meter, we actually read

i./2, the average over a complete tycle.

The atom volume-density p. is obtained from the atom beam energy E

(electron volts) and the thermocouple output voltage VC (volts), as

follows: We measure the total atom beam current 1. (expressed in amperes

equivalent) which passes through the rectangular atom-be&m defining

aperture of dimensions S x H cm; thus the atom beam current density is

j.a i*/SH amp/cm2 . This current is measured in terms of its power,

iaEa watts, delivered to the neutral beam detector, whose sensitivity

Z is determined with a pure ion beam and is given by

V

E volts/watt

Thus
V

. ....- amp

and
V

a .mp/Cm2 (3)]" zEoSH

Finally, the volume density p. of a beam of particles of mass M (amu).

kinetic energy EA (ev), and current density j. (amp/cm2 ) is given by

p, - 4.4 x lo102 atoms/cm3  (4)

Combining (3) and (4), we find that a neutral detector output of V volta

indicates an atom volume density of

p. - 4.4 x 10 H atoms/cm 2

The ion current t* is computed from the output of the amplifier and

synchronous detector as follows. The net gain of the preamplifier was

calculated to be 0.97. The sensitivity of the tuned amplifier and de-

tector is preset so that the recorder output d is 91 divisions per

100 microvolts input (peak-to-peak sine wave) to the amplifier. If an
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ion current of i* amp is modulated to form a square wa've across the preamp

input resistance of 109 ohms, the recorder output deflection will be

d - 1.12 - lOi' C_ divisions, whence

4t + 8.9 x lO-14 d amperes (6)

during ýho half-period that the ions ere being collected.

D. ME;ASUItEMENT PlIOCEIIUHES: "SUITHACTION" AND
"SLOPE" MlIIIlOl)S

The data were taken in one of two ways, or by a combination of the

two. The original data report.ed in the last Quarterly lieport were taken

in a series of runs during which the electron beam current remained at

about the same value. The modulation voltage was set at. each energy
point to cut off the electron beam completely during half the modulation

cycle; therefore, the average electron current read on the dc meter& was

just half of the current responsible for the ion signal observed. During

these early runs the square wave modulation voltage was centered about the
cathode potential, so ti..... .he electron beam density was a function of

only the modulation voltage ampiitude and the beam energy in the drift

space. Because the ion signal observed with the atom beam off seemed to
change somewhat with the gul conditions, these runs were made by alter-

nately observing the signal with the atom beam on and off. The difference

in the signal levels was taken for each "on" - "off" pair, oed W con-

-, sidered to be due to the atom beam only. In this wa, any variation in

"the background due to the electron beam alone was subtracted out.
Occasional checks were made to ascertain that there was a linear depen-

dence of the signal on the electron beam current, but this was not done
fnr each run. We shall cal! this the"subtraction"method. The neutral

beam was monitored constantly and its intensity was averaged over each

run for use in calculating the cross sections.

lRecent measurements were made after the gun had been modified to
allow a variable dc bias to be placed on the control grid G,, so that the

"* electron current could be adjusted to any energy without changing the

modulation sqiiare wave amplitude. This allowed the current to be

* reduced to low values evenC at high electron energies with assurance that
the current was still being cut off completely during half the modulation

cycle. Accordingly, a "slope" method could easily be used: At a constant

17
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electron energy, the ratio of signal to neutral beam monitor output', i*/V,

is plotted against i , and the slcpe, Ai÷/(AiV 1 ), of the straight line

best fitting the points is used as the value. of i*/i V, in calculating the

cross sections. This method is comparatively fast and has the virtue of

providing a check on the linearity of the signal with i , but it dbes not

allow for the effect of any changing background signal due to the gun alonc.

In some measurements the two methods were combined. This is undoubtedly

the safest procedure; however, it more than doubles the time rcquired to

take the data. On the other hand, occasional cross checks made using either

the subtraction or the slope method hcve warranted their continued use

during these essentially exploratory measurements.

18



IV RESULTS

The experimental results are shown in Figs. 15, 16, and 17. The

errors and uncertainties associated with these results are discussed in

the following sections.

A. ATOMIC NITROGEN

The data for e + N - N* + 2 e are presented in Fig. 15. The curves

are approximate fits to both the original data taken by the subtraction

method and the more recent data obtained from the slope method. The

curve has only been drawn for energies below 200 ev, where enough points
were taken to provide a satisfactory average. The scatter of points

indicates that the data are reproducible to about 10%. The absolute

accuracy is less well known. Although there is a concurrent program

to measure Q(N) using a thermal beam,S no other experimental determinations

have been made on N which can be referred to for comparison. However, the

theoretical results of Seaton 6 are plotted along with our data in Fig. 15.

The maximum cross section occurs at about 100 ev for each curve; however,-

below 200 ev our results are about 30% lower than those of Seaton. The

two single points taken at 300 and 500 ev will be remeosured.

Bi. MOLE(;ULAI NITROGEN

These data are shown in Fig. 16. The total ionization cross section
for N2 as determined by Tale and Smith 7 is also shown in Fig. 16. The

subtraction method data were taken on the N, peak only. The slope method

4 was used to determine the cross sections for production of ions forming

both the N+ peak and that corresponding to the sum of the doubly ionized

molecules from e 4 N2 -- N+ t 3e and the dissociated ions from e + N.

SN + + 2e. These three cross sections are listed as Q(N+), Q(N+), and
Q(N; d,,.), respectively in Fig. 16. In contrast to the atomic case, there

is an inconsistency between the earlier and later data for Q(N+). The fact
tlhat the later date are much more scattered and consistently lower than

the earlier data is as yet unexplained. There seems to be reasonableigreement between the results obtained by the twc methods in the later

(ilt' (the subtraction method data are shown as open circles, and the slope
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data by solid circle@ in the figure), which makes this discrepancy some-

what puzzling. It may be cleared up in forthcoming measurements.

Separation of ions with the same charge/momentum ratio is impossible

in our apparatus; thus, N2 and N ions will be focused into the ion col-

lector at the some magnetic field. However, in mass spectrographic

studies, 7 the appearance potentials (AP) for the production of both ions

from electron impact on N2 has been studied. For N*, AP(N*) - 24.3 ev

while for N;', AP(NN") - 49.5 ev. This separation of 25 ev in appearance

potential is sufficient to permit an unambiguous investigation of .he

dissociative ionization cross section below 49.5 ev.

From Fig. 15, it is seen that if direct, dissociative ionization

occurs below 49.5 ev, its cross section is significantly less than

10-i1 cm2 . Further improvement in the data collection techniques are
required (and contemplated) to improve the sensitivity of the apparatus

and to observe a better upper limit for Q(N 4 ).

It must be concluded that below 50 ev the appearance 6f N* in mass

spectroscopic studies is the result of a chai, of rtactions and that

there is a very low probability that N' is formed directly. This is to

be expected by application of the Frank-Condon principle and symmetry

conservation rules to electron collisions with ground sta'.e N, molecules.

The ratio of N*÷ to N* formed by direct collision at energies above 50 ev

may be very large cnd should be measured as soon as techniques a'e

available to do so.

C. AHGON

The argon data, shown in Fig. 17, were taken in order to cumpar"

measurements made using our apparatus with those obtained previously by

another method. lleakney9 mea3ured the relative efficir I for the pro-

durtinn of Art, Ar*+, Ar÷++, and Ar+*++ by eJ,!ctrcn impact on Ar and de-

duced the cross sectioos for each proce.-r by using the total ionization

cross section measured by Smith' 0 ir. a static gas.

Our measurements again yield cross sections that are lower than

those, oltained ini a static gas, bn-, the, difference is very small for Ar*

in tho energy region above 200 ev. The discrepancy at llectron energies

l-clow 100 ev if. still larger than the statisticai error; as yet we have

I-ven unable to account 1',,r a systematit crror in this region. We suspect
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that. our data may be low above 250 ev (as much as 20% at 500 ev) due to

a peculiarity of fringe electrical fields in the electron gun. These

fields were capable of reducing the direct ion beam (deflectors off)

measured at the neutral detector by about 30% when V, a 500 volts in the

gun, but the effect should have been less for the ion signals because of

the larger solid angle subtended by the ion collector. The gun has

recently leen iiodified to elimina - this source of error, and the possi-

bility of a systematic error in these preliminary results will be examined.

The Ar÷* cross section is substantially lower than Bleakney's at all

electron energies and the relative size of this cross section compared

with that of Ar÷ is inconsistent, with the results of Bleakney. As yet.

we have no convincing explanation for this disagreement. A discussion

of the possible causes of error will be given below.

D. ERRORS AND UNCERTAINTIES IN THE RESULTS

1. EFFECTS OF UNCERTAINTIES IN THE DIMENSIONS AND

DENSITY DISTRIBUTIONS OF THE ELECTRON AND ATOM BEAMS

In computing the cross sections from Eq. (1) we assumed that both

beam densities were uniform and the beams intersected each other exactly

in an interaction volume of dimensions L x H x S. Figure 14 shows Lhe

interaction of the two beams in the ideal case where they intersect

exactly in the vertical direction, each beam having a height H. Actually,

the beams may have some overlap, or may not intersect completely. Even

if the actual intersection geometry is not known, we can be satisfied

that the upper and lower surfaces of each beam are parallel, that the

electrons are very well directed in the direction S (parallel to the

magnetic field), and that the ions similarly travel parallel to L. The

electron trajectories are considered below. For a detailed calculation

of the cross section, we consider the production of ions from a thin slab

of area SL and height Ah. The upper and lower surface dimensions S and L

are determined by the actual boundaries of the beams. The ion current

(dt*/dh)Ah produced in this volume element for a cross section Q will be

d Ah (')QSLp.(h)j.(h)Ah
dh

where j.(h) is the average electron current density at 'height h, and

p(h) is the average atom beam density at height h.

"21.
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The total ion current produced will be

t+o

Note that if either p.(h) . constant - c., or j.(h) . constant - J0.

then we have

which is equivalent to Eq. (1). If neither beafn is uniform, the cross

sections .hould be computed on the basis of Eq. (7).

III IlI, actual measurements, we measured the total neutral beam

current

, S Jp_.(h)dh
(where A i. the necessary conversion coefficient), and then we computed

a cross sectlion from Eq. (8), using an apparent average beam volume-

density

</2s> -

"Trhii al-,rxltnist value of t!he average is really

"> 7 1 p.(h)dh

Similarly. we mrasiired the toteIl electron current

OD J].(h)dh

a itd ,t -P d I, F- v a I ,tv

>- -h)dh
"22 It

III kilo(? ,,f , In J.".1 (11).
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Thus we computed an approximate cross section <0> from the relation

" (-(<Q> SLII <p.> <j,>

- <Q> SLP • -i fp.(h)dh • f j.(h)dh

+ <> - ® P.p.(h)dh j.(h)dh (9)

To relate the computed value <Q> to the actual value Q, eliminate i* from

(7) and (9), and obtain, after simplifying,

_0 p.(h)dh J*,j,(h)dh
Q - <> (10)

H J-,p(h)j,(h)dh

No error is incurred via uncertainties in S and L, but only in sasuming
a uniform density in the vertical direction and also that the beams

intersect exactly over the vertical distance H.

To determine the actual beam density profiles, the simple probe
shown schematically in Fig. 14 was inserted into the drift space of the

electron gun. The probe intercepted both beams just before they entered

the interaction volume and peniitted sampling of height NA - 0.020 inch

and the full width of each beam. Thus partial currents Ai u j,(h)LAh

and At = Kp.(h)SAh were measured, yielding sufficiently accurate values

of i, and j, for our purposes. Typical density profiles of the electron

beam and an ion beam are shown in Fig. 18. The error made in using <Q>

as an approximation to Q was determined to be a little over 1% for the

profiles in Fig. 18, which were typical. Even though we approximated

j) by using the ion beam, it is very unlikely that the atom beam density

profile could be so dissimilar to the parent ion beam profile that an

error significantly greater than 1% could arise. This small correction

to "Q>, an increase of 1%, was applied in caiculating Q, but it is sub-

stantially less than the uncertainties'due to noise and other effects.
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2. UNCERTAINTIES I" TNt ELECTRON ENERGY (INTERACTION ENERGV)

Because of the great differences in the masses of the atoms and

electrons, the atoms can be considered at rec with respect to the elec

trons; the energy of the electrons in the center of mass system was

essentially the same as their laboratory kinetic energy for all energies

considered. Hence only the electron energies need be considered in deter-

mining the interaction energy.

There are only two obvi us sources of energy spread among the elec-

trons and these do not include the thermal spread which they acquirp upon

emission from the indirectly heated cathode. The sources are space charge

and drift grid bias.

The space charge in the electron beam will lower the mean kinetic

energy; since the space charge potential is not uniform throughout the

drift space, it will result in an energy spread among the electrons. An

upper limit to the space charge effect was estimated by computing the

potential depression in a beam of infinite cross section flowing between

twr !on rids: This will exceed the depression in a beam of finite

dimensions. For a beam of infinite cross section, current density j, and

maximum energy eV. flowing between two plane grids at potential V.o nd

separated !,v a distance S, the minimum potential in the beam V

satisfies the relation

[- (/)(MKS units)

We operated under conditions such thaL this calculated apace charge de-

pression did not exceed one volt near threshold and about I percent of
the beam energy above 100 ev.

'Spaice harge effects are easy to observe when the cross section is

a steep function of impact energy, since the signal vs I curve becomes

nonlinear at high electron beam currents t.. Therefore the linear portion

at low , was used to obtainr the slope which was proportional to i+/t

Spare charge effects were eliminated using this procedure.

The second influence on the electron energy distribution was due to

the 2.5 v bias across the drift space of the gun. It gave a linear in-

crease of kinetif eneergý to the electron bean as it crossed the interaction
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volume, and thus introduced a total spread in interaction energy of

2.5 ev. The mean electron energy was taken to be equal to e(V 2 *1.25) ev
where V2 was the voltage difference between the cathode and the first

drift grid G 2 .

3. UNCERTAINTIES AND ERRORS IN THE CURRENT MEASUREMENT

The magnitude of the computed cross section depends on the measure-

ment of the currents i of the electron beam, i. af the neutral beam,

and i* of the product ions. The problem of determining the current in

each of these beams consists of two parts, namely (1) the complete col.

lection of the beam in question, with no contanmination, and (2) the

measurement of the current that is collected.

a. ELECTOON BEAM

The average electron beam current i /2 is read directly on a

dc meter which measures the current flowing to the second drift grid G0

(see F'1g. 4) and the collector A. The collection efficiency should be

100 percent. Secondary electron emission is apparently negligible under
operating conditions. The electrical fi'lds in the gun (due to the bias

voltages) suppress secondary emission, and there is no change in currents

with changes in these voltages about the operating values. A separate

meter measures the current to the collector alone, which is about
o0", pe-cent of the current c . . .. -frog L - A- a fecuno drilj

grid intercepts about 5 percent of the current. It is conceivabl, that

the weak field placed across the drift space does not completely suppress

secondaries, but this would only create an erro. in the 5 percent fraction

of the current collected by G3. (We have not yet thoroughly investiguted

the problem of secondary emission at energies above 250 ev, but there was
certainly no evid ace of difficulty from this effect at the lower energies.)

T'he meters have been calibrated over the entire range of currents used,

and the indicated current values are corrected during the runs according

Sto data. The electron current measurements should be accurate to about

3 percent.

b . NFIJTHAL BEAM

In contrast to the above case, the measurement of the neutral
beam is more susceptible to error. The collection efficiency is probably
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nearly 100 percent since the nickel film which stops the beam can accept

a circular beam 2.2 cm in diameter. The film has been examined each time

the interaction chamber was opened up, and while there is some indication

that fast particles have been stopped over most of this area. there is a

marked discoloration in the center of about 8 x 10 mm which has the rec-

tangular shape and size of the beam-limiting aperture in front of the

electron gun. Thus the bulk of the beam struck the center of the col-

lector and was considerably smaller than the collector dimensions.

The main source of error in measuring the neutral beam intensity

lies in the fact that the thermocouple output is dependent upon the atom

beam density distribution. The thermal junction in a small spot located

in the center of a thin film of low thermal conductivity; hence the tem-

perature at the junction will be greatest when the b am is centered on

the film. A study of this effect was made using an ion beam. We measured

the det ctor output voltage V and the ion current t1 for scveral values

of the mass-analyzing magnet current which was varied to sweep the ion

beam across the apertures of the interaction chamber. The ratio V /i#

actually remained very constant over a fairly broad central portion of

the current peak, and changed by only about 20 percent as i* dropped off

to 50 percent of the peak value. No attempt was made to make the beam

density uniform when the tests were made, but in view of the results, it

is likely that the beam was fairly uniform. Sensit.ivity calibrations are

usually reproducible to within 5 percent, but we have, at times, measorpd

sensitivities which varied as much as 30 percent, and it would appear that

these fluctuations were due to sharp structure in the beam density dis-

triblution, probably resulting from a peculiarity in the focusing conditions.

We computed a!l cross sections using the same number for the detector

sensitivity, 3.76 x 10-2 volts/watt, and let any variations in the actual

sensitivity appear aq fluctuations in the cross sections. It is not known

whether there is a consistent difference between the atom and ion beam

density distribution, and thus the detector sensitivity, which would lead

to a :-ystemat ic error in the cross sections. However, we feel that such

aii error would ibe less than 10 percent, and would probably make the cross

srct ions nppiear to be lower than the actual value, although this concluision

is mc,',t. lotal crrori doe to neutral detector uncertainties are proliably

luss th, tiu 20 percent in thrse data.
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Thriability of the detector is now being improved by gold-

plating the central area of the film to igicrease (by an order of magnitude)

the thermal conductivity over that portion which is struck by the beam.

This modification should increase the accuracy of the detector to about

5 percent or better.

c. PRODUCT JON CUHRRNT

The sensitivity of the main amplifier ard detector is measured

before each run to an accuracy of about 1 percent, and the calculated

value of the preamplifier gain ia probably go,' to 2 percent, which is

similarly the error placed on the value of the input resistor. The total

sensitivity of the amplifier-detector is thus known to an accuracy of

shout 3 percent.

The efficiency with which the ions are collected is less easy

to establish. The ion collector is mounted behind two identical elec-

trodes which serve to control the emission of secondary paxticles from

the ion collector, to trap slow particles approaching the collector

from the rest of the interaction chamber, and to define the surface ares

of the collector which is "seen" by ions leaving the interaction volume.

These electrodes are thin, flat plates with a rectangular aperture cut

out of each, and are mounted so that the common axis through the center

of the apertures coincides with the trajectory of an ion which leaves

the renter of the interaction volume end has the proper curvature in the

magnetic field to reach the center of the collector. The magnet pole

faces are shap'd so that the main ("gap") field focuses the ions in one

direction (perpendicular to the field) and the fringe field exerts a

weak defocusing action in the other (parallel to the field) so that the

image of the interaction volume is a thick line at the collector. The

1.3 x 2.2 cm dimensions of the apertures in front of the collector were

selected on the basis of plots of approximate trajectories, and were

considered to be large enough to collect all ions of the proper momentum

that were created in the interaction volume. If the collector apertures

are wider than necessary, the graph of the ion signal plotted against

ma gnetic field will nhow a flat-topped peak for each ionic species pro-

dii,rd in the interaction, region. Our studies of these graphs indicate,

thint the collector ojpettures were of a marginal width in the direction

4 perpendicular to the magnetic field: Some of the peaks were flet-topped

whble Ither. were not. Evidently ricttering of the beam in the ambient
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gas made the particle trajectories more divergent, as they entered the

interaction volume, than had been anticipated. Such scattering could

also render the other aperture dimension too small. In order to esti-

mate the collection efficiency of this first collection geometry, a nrw

collector was built with both aperturt dimensions about 25 percent ldrger

than those of the original and a series of runs on argon was begun as

this report was being written. A few cross sections f.i the production

of AW were taken one evening, and these were aboti,. 20-30 percent higher

than similat ones taken earlier. The signal v., mignetic field curves

definitely showed flat top&, but a study of the shapes of the peaks indi-

cated that the original dimensions perpendicular to the field were not

small enough to cause much of an error (an upper limit of perhaps

10 percent). It is possible that the other dimension was too small, but

this cannot be checked except b. inference from the relative size of the

cross sections taken with the two collectors. We intend to explore this

point firther with the enlarged ion collector, but our present data are

limited tc, that obtained in the few initial runs mentioned,

AMl evidence from tests supported the view that secondary elec-

trons were suppressed completely. It is possible that secondary ions

could reduce the measured current, but tests with a direct ion beam showed

that such an error is less than 2 or 3 percent.

An additional uncertaint.y in the ion current determination was

due to the noise content of the total ien current. coliected. The modu-

lated product !on current was many timee smaller than the steady-state

ion current resulting from electron-loss collisions between the fast beam

atoms and -he ambient gas ir the vicinity of the interaction region. This

large curren, of perhaps 10-12 to 10-11 amp had a noise content which

varied mainly with conditions in the source. If a great deal of arcing

occurred acioss the ext-action gap, the main ion beam was itself noisy;

consequently the neutral beam and finally the background current at the

collector exhibited a high noise content. This noise was manifested in

a continuous motion of the recorder pen, fluctuating about the average

value. The actual signal level was estimated by eve after letting the

recorder run for several minutes at each datum point. The length of time

required to take a reasonable average depended upon the signal-to-noise

ratio and increased as the ionization cross section decreased. It was

generally possible to estimate an average value to an accuracy which was
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about 5 percent of the magnitude of the rms noime fluctuations. Not all

of the data were taken this poinstakinply, however, and the error bars

on most of the cross-section curvts represent an estrfated statistical

uncertainty which was due largely to the effects of noise. These esti-

mated errors are probably larger than the true stanlard errors would be.

In the case of the early data on N* and N*, the error bars actually

represent the standard errors on the mean values of the averaged data

for each point.

d. EFFECT OF THE MAGNETIC FIELD ON

ELECTRON TRAJECTORIES

If an electron crnssing the drift space has a momentum com-

ponent p, perpendicular, and a component p 0 parallel to the magnetic

field, it will follow a helical path of length S' in the drift space

And the path length across the drift space must be increased by the

ratio '/ - [I + (P/P)2]. We have considered this effect for our

gun geometry and have concluded that it is negligible, eveli at low drift

energies.

4. SUMMARV OF THE ERRORS AND UNCERTAINTIES

The major uncertainties in the results stem from the neutral detector,

from the noise in the primary ion beam, and from the possibility of error
n . . ------ -f r h ' Coll o" F _t : W - i

in he atiiiiionof he ~flCAlc~tlA effiLCIency. We eatimate the
statistical uncertainties to be less than 20 percent. It is conceivable

that correction of a systematic error will raise the present cross sections

about 20 percent; however, any such correction must be based on the results

of further tests.
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V DISCUSSION OF THIE RESULTS

The cross sections obtained on this apparatus are presented here as

computed directly from measured quantities and some assumptions about

geometrical dimensions. In general the cross sections have a reasonable

energy Jependence wheni compared with theory, in the case of N, or to

pi viously measured total cross sections for N2 and Ar. The absolute

magnitude of the cross .ections obtained are, at worst, within about 40%

of comparable cross sections deduced from other measurements. Our

measured values are generally lower in value than those obtained in static

gases by Tate ar.d Smith, 7 and lBleakney. 9 In the region from about 150 to

400 ev the results are quite close in both, but our curves do not peak as

sharply at their maximum values near 100 ev as do those of Tate, and of

llleakney, so that our values are considerably lower (by -40%) in the range

below 100 ev. Even though our present values may be subjected to a system-

atic increase by tip to 20% as a result of a re-evaluation of the ion col-

lection efficiency in these rurs, it is likely that the discrepancy below

100 ev will remain. We are unable to explain it at the present time.

Our absolute cross sections for the double ionization oi argon are

considerably lower than those of Bleakney measured in a static gass and

in fact our ratio of Q(Ar*÷)/Q(Ar+) is only about V4 to ',A as large as

lBleakney's. It is possible that the discrepancy will be removed when the

cross sections are measured with greater accuracy, but such a large change

does not se•.m very likely to occur.

"ehp most surprising outcome of the measurements to date is the lack

of any signal from dissociative ionization below the threshold for double

ioIi;atLk0!, above which the two processes are indistinguishable in our

apparatus. This indicates that the dissociative ionization of N2 by

electron impact is highly unfavorable as a direct process for impact

energies below 50 ev, a conclusion which has at least qualitative theo-

ret i'a I support.

This latter c,hservation lends some support to the suggestion that

secondary processes may be responsible for the high ionization cross

sectiolls observed it low energies by 'ate and Smith. 7 Perhaps the
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observed dissociative or multiple inni ation probabili#ie observed in

mass spectrometric studies are also perturbed by secondary processes.

Further study is required to clarify this point.

Although there are certain exceptions, most of our results are not

inconsistent with the presently available theoretical and experimental

determinations of the cross sections. The explanation of these dis-

crepanries, resulting from further investigation, may be of substantial

value t, workers in the field of eiectron impact interactions.
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VI CONCLUDING STATEMENT

During the course of this work, an apparatus has been developed to

a state of usefulness in studies of electron-atom (molecule) interactions.

The use of a beam of fast stoma as the target in a crossed-beam arrange-

ment, represents a new approach to these investigations. There are still

minor uncertainties in the measurements; however, the cross sections

obtained for the electron-impact ionization of N, N2 , and Ar are inter-

esting and encouraging and demonstrate the usefulness of the technique,

In the future the arnaratus will be refined still more and will be

used to explore those fields of experimental studies for which it is

particularly adapted. We intend to investigate further the dissociative

ionization process and hope to couple the present technique with spectro-

graphic studies in order to achieve greater insight into the process.

We also intend to study the further ionization of ions. Investigations

of this class of reactions of the type e + Ar* - Ar** + 2e are virtually

limited to techniques such as the present one using beams of fast ions.

It is beyond the purpose of this report to list the future applications

of the apparatus. It is sufficient to say that the apparatus has proven

to be capable of performing difficult electron studies, and its existence

will further broaden the area of low-energy particle interactions amenable

to experimental investigations. The fast beam and thermal beam techniques

fortunately have overlapping capabilities, but in general their use will

be complementary.
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